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Abstract: The trabecular meshwork (TM), located within the iridocorneal angle, is a target
for many glaucoma treatments aimed at controlling intraocular pressure. However, structural
variations between individuals are poorly understood. We propose a newly designed gonioscopic
lens optimized for high-resolution imaging to image fine structures of the human TM in vivo.
The body of the new lens is index-matched to the human cornea and includes a choice of two
gonioscopic mirrors (59° and 63°) and matching air-spaced doublets placed on the anterior surface
of the goniolens. The new design allows a diffraction-limited image plane at the iridocorneal
angle structures. The goniolens design was built and then placed on the subjects eyes coupled to
the cornea with goniogel and a 3D adjustable mount. Images were obtained using a commercially
available OCT device (Heidelberg Spectralis). The optical resolution was measured in a model
eye as 40.32 and 45.25 cy/mm respectively for each mirror angle. In humans, dense OCT scans
with minimum spacing oriented tangential to the iris and ICA were performed on 7 healthy
subjects (23-73 yrs). The TM was successfully imaged in all subjects. The custom goniolens
improved the contrast of the uveoscleral meshwork structures and corneoscleral meshwork
revealing limbus parallel striations, not visible with previous goniolens designs. Transverse OCT
images were constructed along the segmentation line, providing an enface image of the TM
structures including corneoscleral beams, previously only imaged in vivo using custom adaptive
optics systems.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Glaucoma is an optic neuropathy characterized by progressive structural and functional damage
affecting approximately 64.3 million individuals worldwide [1,2]. It is a leading cause of
irreversible vision loss and blindness in the world [1-4]. While glaucoma’s etiology remains
poorly understood, the factors contributing to damage are thought to include biomechanical
changes associated with the interaction of elevated intraocular pressure (IOP) [5,6], cerebrospinal
fluid pressure, and ocular hemodynamics. IOP is currently the only modifiable risk factor for
glaucoma even though the correlation between elevated IOP and progressive glaucomatous
damage is not high [7]. Most strategies to delay or avoid vision loss in glaucoma patients, even
those with normal IOP, are targeted towards lowering IOP.

The IOP represents an equilibrium between aqueous humor inflow and outflow. The outflow is
primarily through the anterior segment of the eye, through the trabecular meshwork (TM), the
major outflow pathway. The TM is a layered sieve-like structure lying at the junction of the iris
and cornea, known as the iridocorneal angle or ICA. Aqueous fluid, which is pumped into the eye
by the ciliary body epithelium, drains through the TM then crosses the juxtacanalicular tissue into
Schlemm’s canal (SC), and from there continues into the episcleral aqueous veins. Anatomically,
the TM is divided into three sections: the most proximal (adjacent to the iris) is the uveal
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meshwork; the middle is the corneoscleral meshwork, and the most distal is the juxtacanalicular
tissue, lying adjacent to SC [8]. A major cause of elevated IOP is not the overproduction of
aqueous humor, but an increased resistance to outflow through the TM, thought to be in the
juxtacanalicular area [8—11], as well as changes to the extracellular matrix of the TM [12-16].
This resistance is thought to be related to a higher molecular density of the glycosaminoglycans
with age and/or an increase of fibrous-granular material in the TM [17].

Unfortunately, most in vivo studies of the TM are limited as light returning from the TM at
high angles is totally internally reflected at the corneal surface [18]. To overcome this restriction,
a specialized lens coupled to the cornea, known as a gonioscopic lens or goniolens, is used to
reduce the refractive index difference between the cornea and air. A typical goniolens consists of
a PMMA conical frustum body with one or more interior flat mirrors positioned at angles of 59°
to 64°, and a back curved surface with a radius similar to that of the cornea. The lens is placed in
direct contact with the cornea, optically mating the lens to the cornea using a viscous fluid, such
as goniogel. Typically, the ICA, including the TM is visualized using a slit lamp, allowing only
2D images of the region at low resolution.

Our group has shown that an Adaptive Optics Scanning Laser Ophthalmoscope (AOSLO)
coupled with a modified gonioscopic lens can be used to image the TM in vivo achieving
cellular-level resolution enface images of these tissue structures [19]. Others have obtained full
3D images of the ICA using anterior segment Optical Coherence Tomography (OCT), typically
at lower resolution laterally [20-28], by imaging through the limbus of the eye. This imaging
modality is limited by the scattering of light from the overlying scleral tissue. Recently a custom
anterior segment OCT was developed achieving interesting images of SC and collector channels
in a cadaver eye [29]. Another OCT system has also been developed [30] to image this region
providing increased depth information and capturing a 360° view of the angle, using a customized
goniolens, with an optimal resolution of 24 um. These studies used highly customized OCT
systems which come at a high cost and are not yet suitable for the clinical setting. We have
recently shown that a combination of these imaging modalities is also possible by using a widely
available OCT imaging system (Heidelberg Spectralis) with a minimally modified gonioscopic
lens, to image the ICA structures in vivo through the transparent cornea [18]. This approach
would allow for more widespread imaging of the ICA in the clinical setting.

In the current paper, we propose a new gonioscopic lens optimized to improve the resolution
of our OCT Gonioscopy with the commercial OCT device. Optical ray tracing software (Zemax
Optic Studio) is used to analyze and reduce the main source of aberrations in gonioscopic
imaging to produce diffraction-limited performance over a Imm? area. The new goniolens
fabrication process is described and tested, achieving higher optical lateral resolution than any
other system, to our knowledge, without adaptive optics. Gonioscopic OCT images of healthy
subjects show cellular structures within the TM, such as lamellar-like striations similar to the
collagenous layers forming the TM as seen in histology [10]. These structures have only been
seen previously in vivo using custom Adaptive Optics Gonioscopy. The advances presented allow
for fast, high-resolution 3D imaging of the human ICA and is suitable for clinical practice. The
optimized gonioscopic OCT imaging will allow studying structural changes of the TM with age
and disease, as well as medical and surgical treatments aimed at lowering IOP.

2. Methods
2.1. Custom goniolens optical design

The goniolens used in our pilot study on OCT gonioscopy [18,19] was modeled using Zemax
Optic Studio ray tracing software. This initial design used a stock N-BK7 plano-convex spherical
lens (22 mm focal length) placed on the anterior surface of a commercial single-mirrored
goniolens at 59° built from PMMA (OSMG; Ocular Instruments Inc., Bellevue, WA). While
the current study uses a smaller pupil, the lens was modeled for a 6.4 mm beam to be used with
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multiple imaging devices, including adaptive optics systems which require large pupil sizes, at
780 nm and can provide an Airy disk radius of as little as 2.2 ym and an RMS radius of 42.89 um.

The pilot design [18] had poor performance (Fig. 1, column 1), thus we used a multi-step
approach to improve the optical performance. First, the spherical lens was replaced by an aspheric
lens of the same glass type. This reduced the spherical aberration which halved the RMS radius
of the imaging spot (Fig. 1, column 2). The main aberration source in this first iteration was
the interface between the N-BK7 glass of the plano-convex lens and the anterior surface of the
goniolens body. Thus, we next replaced the singlet lens with an N-BK?7 air-spaced doublet such
that the anterior lens is an aspheric bi-convex lens, and the posterior lens is a plano-convex
spherical lens with its curvature matching the focal length of the first element, guiding light
into the goniolens body (Fig. 1, column 3). This again reduced the RMS radius. The main
remaining aberration is field dependent oblique astigmatism rising from light propagating at
high angles through the curved interface between the PMMA (ng = 1.4918) and the gonioscopic
fluid (ng = 1.337), cornea (nq = 1.377) and aqueous (ng = 1.337) respectively. Eliminating this
aberration source required matching the refractive index of the goniolens body to that of the
cornea. We modeled a body made of MgF, (ng = 1.3777) which resulted in predicted diffraction
limited performance with an RMS radius of 1.650 um (Fig. 1, column 4).

Spherical (PMMA)  Aspherical (PMMA)  Air-Spaced (PMMA)  Air-Spaced (MgF,)

1l

- / L < |
*j{":,—jﬁ%}\ R
Design h |
5 | n=149 n=1.49 5
08): 0upa0d (dag) 08]: 0.0000 (deg) 08): 0.0000 (deg) 08]: 0.0000 (deg)
R | ~E & L
Diagram - b = .
Airy radius 2.209 um 2.31 um 2.521 um 2.405 pm
RMS radius 42.895 pm 21.064 pm 12.252 um 1.650 pm
GEO radius 63.16S um 34.475 pm 22.288 um 4.399 pum

Fig. 1. Schematic table of design changes and performance of the goniolens modeled using
Zemax Optic Studio optical design software for a 6.4 mm incident beam. Ray tracing of the
design for each sequential step for improvement in shown in row 1. Performance after each
sequential change is described by the spot diagram at the image plane, shown in row 2, the
theoretically calculated Airy radius in row 3 and the modeled Root Mean Square (RMS) and
geometric radii in rows 4 and 5.

The final goniolens design incorporates two interior mirrors at 59 and 63 degrees respectively
and located on opposite sides of the goniolens. The use of the two angles allows for individual
variation of anterior chamber depths between subjects, with the 63° mirror for deeper anterior
chambers and the 59° for shallower anterior chambers. The air-spaced doublets were optimized
for each case separately, varying the anterior and posterior curvatures and conic of the first
element, the curvature of the anterior surface of the second element, and the spacing between the
elements. Diffraction limited performance was obtained for both angled mirrors using a 6.4 mm
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beam. The gonioscopic lens was designed with a 11.5 mm interior body length to accommodate
for the short working distance of many OCT devices (~2.5 cm), and still allow the exit pupil
of the imaging system to be placed on the goniolens mirror. This placement facilitates beam
steering across the eye without vignetting at the mirrors. Finally, the customized focusing doublet
lenses were substituted for stock lenses to reduce cost with minimal optical consequences. The
final design can be seen in Fig. 2. The focusing air-spaced doublet for the 59° mirror consisted
of a Thorlabs achromat of 30 mm focal length (AC127-030-B) and a plano-convex f=75 mm
lens (LA4327-B). For the 63° mirror, an Edmund Optics 40 mm focal length achromatic lens
(#45-796) and a Thorlabs 50 mm focal length plano-convex lens (LA1213-B) were used.

59° Mirror

™M
A
A
Index matched 7.45mm
26.4mm to cornea | 11lmm
B Ly pupmpnpEg. 4
T-T™M

63° Mirror

11.5mm

- —

Fig. 2. Schematic of new two-mirror goniolens design optically optimized for high-
resolution imaging. The body of the goniolens is index matched to the cornea to reduce
aberrations. Optimized air-spaced doublets for each mirror are used to focus light at the TM.

For the Heidelberg Spectralis commercial OCT used in this study, the 2.5 mm pupil obtains
diffraction-limited performance of the goniolens throughout a scan area of 1 x 1 mm? at the image
plane for both the 59° and the 63° mirrors. In the following section two fabrication processes
are described including a MgF, body and an index matched fluid body. Diffraction-limited
performance was obtained in both cases, as shown in Fig. 3 for the latter.

2.2. Fabrication of the custom designed goniolens

The final design shown in Fig. 2 was fabricated by two distinct processes.

* The first version was professionally custom manufactured by the Centro de Investigaciones
Opticas A. C. (CIO), Leén, Mexico. The main body of the goniolens was made from
MgF, with the optical axis of the crystal aligned with the optical axis of the incident light.
The flats for the mirrors were cut out from the main body to a surface flatness of A/4. The
mirror surfaces were coated with silver and covered with the slabs that had been removed
to reconstruct the full posterior surface of the goniolens curved to couple to the cornea, as
can be seen in Fig. 4(A). The edge of the posterior concave surface was beveled for safety
and comfort when placed on the eye. This surface, and the exterior conic surface, were
coated with 35 nm of SiO; to ensure inertness. The goniolens body was fitted with a 30
mm diameter blackened metal ring with apertures to fit the focusing lenses. The second
elements of the air-spaced doublets for either mirror were glued to the anterior surface
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Fig. 3. Optical performance of the index matched fluid filled goniolens design, for the 59°
mirror, over a 1 mm? field at the image plane. Left: Optical layout and ray tracing of the
goniolens design for the center field. Right: Spot diagrams at the different field locations, as
indicated in the footprint diagram in the black box. Airy radius is 9.349 pym as indicated by
the black circle in each spot diagram. RMS radii for the 5 field locations are 1.352 um (0, 0),
1.578 um (1, 0), 3.701 pm (0, 1), 3.624 um (0, —1) and 1.578 pm (-1, 0).

of the goniolens body with NOA 61 Norland (ng = 1.56), centered over their respective
mirrors. The first elements of the air-spaced doublets were placed with a spacer ring and
held in place with a retaining ring.

* The second version was redesigned as a 3D printed shell for the goniolens body using
SolidWorks (Dassault Systemes SolidWorks Corporation, Waltham, Massachusetts, USA)
(as seen in Fig. 4(B) left) and filled with a fluid that is index-matched to that of the cornea.
The shell was printed either with ECO-ABS black plastic using a commercial 3D printer
(Dremel 3D45, Bosch Power Tool B. V., 3PI Tech Solutions, Rosemont, Illinoi, USA)
or with 420i - 420 Stainless Steel/Bronze by metal binder jetting and tumble polished,
outsourced to Xometry (North Bethesda, Maryland, USA). The interior was painted with
ultra-black water-based acrylic paint to absorb up to 99.4% of visible-light (Musou Black,
KOYO Orient Japan Co., Ageo, Saitama, Japan), and protect the body from any interaction
with the index-matched fluid. The posterior concave surface of the goniolens was composed
of a 12 mm diameter, O diopter clinical contact lens (ABB Optical Group LLC., Coral
Springs, Florida, USA) made of PPO2 with a base curve of 7.85 mm and a thickness of 0.3
mm. The contact lens was glued to the goniolens shell along the edge using Norland NOA
68 (ng = 1.54). Flat 9 mm diameter and 1 mm thickness protected aluminum mirrors with
a surface flatness peak-to-valley of 4-6A (Edmund Optics #46-647) were glued to the flat
surfaces of the shell at 59° and 63° respectively. Several index-matched fluids were tested
including Isopropyl alcohol 99+% purity (ng = 1.3772), n-Heptane (Pure Grade UN1206)
(ng =1.3855 at 25°C), sucrose 30% (ng = 1.3812) [31], and glycerol 35.6% (ng = 1.377)
[32], as is explained further in section 3. The goniolens shell was fitted and glued to a
Thorlabs 30 mm diameter lens tube, which held a N-BK7 glass NIR I-coated window
as the anterior surface of the goniolens body (Edmund Optics #23-430). The goniolens
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shell was overfilled with the index-matched fluid, then sealed with a ring gasket and the
glass window, avoiding air-bubbles and leakage. Both elements were held in place with
a retaining ring. The plano-convex elements of the air-spaced doublets and aluminum
support tubes were glued to the glass window with Norland NOA 61 (ng = 1.56). Either
tube held the corresponding air-spaced doublets, spacer rings, and retaining rings. A
picture of the fabricated and mounted 3D printed goniolens with only the 63° angled mirror
focusing lenses can be seen in Fig. 4(B) on the right. A full step-by-step description of
this fabrication process can be found in Supplement 1, as well as the SolidWorks model to
print the 3D body part in Code 1 [33].

Fig. 4. A) Exploded view of the MgF, goniolens manufacturing process showing each one
of its parts separately on the left and the fully assembled goniolens on the right. B) Design
of the 3D printed goniolens shell (first and second image) and fully assembled model of the
goniolens (third image), and picture, right, of a fabricated 3D metal printed goniolens lens
(not blackened to show interior) with the mounted air-spaced doublet focusing lens for the
63° mirror.

2.3. Gonioscopic OCT

A commercial OCT device (Heidelberg Spectralis OCT2) was used to obtain gonioscopic OCT
images. The goniolens was first placed on the subject’s eye after its posterior surface was coated
with a thick layer of gonioscopic fluid Lumecare Carbomer (Medicom Health Ltd., 7-12 Tavistock
Square, Kings Cross, London, UK). As described previously [18], the goniolens was placed on
the eye by a clinician aided with a 3D adjustable mount fixed to the head mount of the OCT
imaging device for stability. The goniolens was aimed at the inferior-temporal sector of the
ICA, with the scanning mirrors of the OCT conjugate to the goniolens mirror being used. All
gonioscopic OCT imaging was performed using the retinal imaging mode of the OCT device,
and the scan location and orientation was adjusted using the Heidelberg Spectralis software.
Volumetric OCT scans of maximum 15 X 5° with 11 um spacing between b-scans were performed.
At least 2 OCT volume scans were performed per subject, although some volume scans covered
less than 5° if eye movement or alignment impeded the acquisition of the full set of b-scans.
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B-scan orientation was chosen to be tangential to the ICA and iris, maximizing the visibility
of fine layered structures in the TM. All images are presented as produced by the Heidelberg
Spectralis software without any additional post-processing or image enhancement.

2.4. Transverse structural OCT images

Transverse structural enface images were obtained using the segmentation options available on
the Heidelberg Spectralis software for volumetric OCT scans. Segmentation was performed
manually on all b-scans within a volumetric OCT along the anterior chamber, just below the
surface of the uveal meshwork of the TM. The transverse images were generated based on the
segmented line and displaced by 30-65 um in depth for each subject until the lamellar structures
were most visible.

2.5. Subjects

All individuals imaged (Table 1) received an anterior eye exam, including gonioscopy with a slit
lamp prior to imaging. The study protocol was approved by the Indiana University Institutional
Review Board and adhered to the Declaration of Helsinki. The subjects for this study were 7
healthy adults (23-73 years old) with normal eye exam results and 20/20 or better best corrected
visual acuity. Subjects were free to choose which eye they preferred for imaging and all subjects
selected the right eye. Anterior segment OCT imaging was performed on all subjects using the
Carl Zeiss Visante 1000 Anterior Segment OCT. Measurements are summarized in Table 1. The
anterior chamber angle was measured using the angle measurement tool in the Visante software
on a horizontal OCT -scan across the eye. Angles were measured from the apex of the ICA,
limited by the TM-Cornea intersection and the most anterior point of the iris folds that could
block incident light. This ensures the measurement of the smallest angle at which light from the
goniolens can reach the ICA apex. The nasal and temporal angles were measured and averaged.
The central corneal thickness, anterior chamber width (TM-to-TM) and depth (measured from
the posterior surface of the central cornea to the intersections with the width line at the center of
the pupil) were measured with the Anterior Chamber caliper tool of the device’s software.

Table 1. Subject data imaged with OCT gonioscopy including anterior chamber
measurements measured with a Carl Zeiss Visante 1000 Anterior Segment OCT.

s Average Anterior Anterior Central Gonio

kot 5 v Corneal X

= o [ Angle Chamber Chamber ) Mirror Notes

S < N ) Thickness o

7 [deg] Width [mm] | Depth [mm] [um] Angle (°)

S1 | 32 F 31.40 11.83 3.06 590 59 -

S2 | 37 F 27.35 12.57 3.37 560 59 -

S3 |73 | M| 4350 11.75 3.35 600 59 Cataract
surgery

S4 | 30 | F 34.35 11.78 3.21 510 63 -

S5 | 23 F 22.95 12.31 3.25 490 59 -

S6 | 28 | M 38.00 12.16 3.29 500 59 -

S7 15 M 42.15 11.15 3.26 560 59 -

For gonioscopic OCT imaging, the eye was anesthetized with 1 drop of Proparacaine
Hydrochloride USP 0.5% before starting the imaging session and approximately 15 minutes
thereafter. Total gonioscopy imaging time was less than 30 minutes broken into several shorter
intervals.
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2.6. Calibration

A commercial model eye (SimulEye SLT, InsEYEt LLC., Westlake Village California, USA)
was modified to calibrate and test the resolution of the custom manufactured goniolenses. Three
test targets with known sizes were inserted at the location of the TM in the model eye: 1) A 5-0
Prolene blue monofilament suture (AD Surgical, Sunnyvale, CA, USA) of 0.13 mm diameter;
2) a glass microtube (AAdvance Instruments, Stony Brook, New York, USA) of 0.3 mm outer
diameter and 0.2 mm inner diameter; and 3) a USAF-1951T-22-P-M resolution test chart printed
on photographic film (Applied Imaging Inc., Rochester, New York, USA). The model eye was
then filled with gonioscopic fluid and sealed onto a glass coverslip. The model eye targets were
imaged using both newly fabricated goniolenses and the modified PMMA commercial goniolens
with the Spectralis OCT device.

3. Results
3.1. Calibration of the OCT gonioscopic images with the custom goniolenses

There are two measurements that require calibration. The first is the relation between actual
distances within the anterior segment and the Heidelberg reported distances, and the second is
the in situ optical (lateral) resolution of the combined OCT/Goniolens system. To determine the
spatial relations 5-0 Prolene blue monofilament suture (AD Surgical, Sunnyvale, CA, USA) was
used. This suture has a 0.13 mm diameter and was measured in the model eye to be 107.6 pm in
the horizontal direction and 180.4 um in the vertical direction as an average of 6 measurements,
providing a 1.2 lateral scale factor and a 0.721 axial scale factor between the real object size
and that measured by the Spectralis software caliper tool. A similar result was obtained with the
capillary tube achieving a 1.19 lateral scaling factor. Due to the geometry of the capillary tube,
the curved glass wall created a “lensing” effect, deeming the axial measurements inaccurate.

The optical resolution of the OCT gonioscopic system was calculated by imaging a USAF
target using the OCT system, and then extracting the transverse enface image (Fig. 5). The
3D printed goniolens at 59° and 63° achieved resolutions of 40.32 cy/mm and 45.25 cy/mm,
respectively. The contrast of the highest resolvable USAF bars was 26.8%. Similar results were
obtained with the MgF, goniolens at 45.25 cy/mm for either angled mirror. Both newly designed
goniolenses are an improvement over the 35.92 cy/mm of the modified PMMA commercial
goniolens.

S
—
=—
—-—
§
—
§ —

Fig. 5. Gonioscopic OCT enface images of a USAF target placed in a model eye at the
iridocorneal angle with a) the modified clinical goniolens providing a resolution of 35.92
cy/mm, and the 3D printed goniolens b) at 59° providing a resolution of 40.32 cy/mm, and
c) at 63° with a resolution of 45.25 cy/mm. Target is left-right inverted due to the reflection
at the goniolens mirror. Blue arrows indicate the achievable resolution.
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Fig. 6. Images of S1 with OCT gonioscopy and the MgF, custom goniolens using the 59°
mirror aimed at the superior-nasal angle. A) Cropped Scanning Laser Ophthalmoscope
image acquired by the OCT device at the start of the OCT scan, indicating the location
and size of the OCT volume with a green square and a green arrow indicating the location
and direction of a b-scan. B) Cropped gonioscopic b-scan of the TM. The image overlay
indicates the direction of the a-scans in blue and the b-scans in green. The segmentation
along the interface of the anterior chamber and the TM is shown in red on the image and
the 3D overlay. Segmentation is used to construct the transverse enface image. C) Cropped
gonijoscopic b-scan focusing on the layer-like structures observed in the TM. D) Constructed
enface image from the segmented OCT volume (as seen by looking down on the red line)
focused on the same area seen in panel B). Red arrows indicate lamellar structures within
the TM.

3.2. MgF, goniolens

Gonioscopic OCT images of the human ICA obtained with the MgF, goniolens for S1 are shown
in Fig. 6. Due to the birefringent nature of the MgF,, the goniolens body was manufactured
such that the axis of the crystal coincided with the principal optical axis. However, the effect
of the birefringence caused by light passing through the crystal at an angle to its optical axis
after reflecting off the goniolens mirror resulted in an image doubling (Fig. 6(A)). Gonioscopic
images with the MgF, lens were optically excellent, but due to the birefringence, we only
imaged two eyes (S1 and S3). Separation between the two images was sufficient to use the
non-overlapping sections of the b-scans for analysis and segmentation. Cellular structures within
the TM are observed in the b-scans for both subjects and an example is shown in Fig. 6(B)). Fine
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Fig. 7. Gonioscopic OCT images with the 3D printed goniolens for subject 1 at the
inferior-temporal angle. A) SLO image through the goniolens. The green box indicates the
location and size of the OCT volume, and the green arrow indicates the orientation of the
b-scan. B) SLO image overlapped with the constructed enface image at a depth of 13 pm
from the anterior TM. Blue box indicates the location of the expanded and cropped enface
image seen in panel C). D) Gonioscopic OCT b-scan oriented tangential to the iris and ICA
as seen by the green arrow in A). Yellow box indicates the region that has been expanded in
panel E). Red arrows point at lamellar structures.

lamellar-like structures are observed in several b-scans for S1 (Fig. 6(C)). After segmentation,
lamellar structures are also observed in the enface image (Fig. 6(D)).

3.3. 3D printed goniolens

As mentioned in section 2.2, four fluids index matched to the cornea were tested: n-Heptane
(Pure Grade UN1206) (ng = 1.3855 at 25°C), Isopropyl alcohol 99+% purity (ng = 1.3772), and
both sucrose and water, and glycerol and water solutions respectively. Isopropyl was a suitable
option, with a close to 100% transmittance at 870 nm [34] but is toxic to the eye, and thus its use
was avoided. Heptane is a safer option for the eye, but due to its low viscosity, was difficult to
hermetically seal. A sucrose solution at 30% concentration was made to achieve a refraction
index of ng =1.3812 [31]. The concentration of the glycerol solution to achieve a refractive
index of 1.377 at 870 nm was 35.62% as calculated by Eq. (5) in [32] and compared to the result
using the Lorentz-Lorenz relation for predicting the refractive index of binary mixtures of liquids
[35], where npyre_glycerol = 1.4652 and nyager = 1.3282 at 870 nm. Both the sucrose and glycerol
solutions have a ~90% transmittance at 870nm [36-38]. The solutions were degassed to reduce
bubbles that often appeared over time by heating using a magnetic stirrer hot plate or by using a
degassing vacuum pump.

The ECO-ABS 3D printed shell was printed at 100% fill factor. However, slow fluid loss
occurred, presumably due to diffusion through the layers of the print, and thus, this material
was deemed unsuitable. The metal 3D printed shell did not have this problem and retained fluid
without loss over periods of months. This was used for patient imaging.

An interface gasket was needed between the window material and the fluid filling the body of
the lens. Several materials were tested including nitrile rubber, silicone rubber and 60A neoprene
rubber sheets, as well as liquid silicone RTV gasket maker. For the rubber options, rings were
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Fig. 8. Gonioscopic OCT images with the 3D printed goniolens for subject 4. A) SLO image
through the goniolens. The green box indicates the location and size of the OCT volume,
and the green arrow indicates the orientation of the b-scan. B) SLO image overlapped with
the constructed enface image at a depth of 13 um from the anterior TM. Blue box indicates
the location of the expanded and cropped enface image seen in panel C). D) Gonioscopic
OCT b-scan oriented tangential to the iris and ICA as seen by the green arrow in A). Yellow
box indicates the region that has been expanded in panel E). Red arrows point at lamellar
structures.

cut to 31 mm outer diameter and 26 mm inner diameter. The Nitrile and silicon options would
absorb some of the fluids (alcohol and heptane) expanding their dimensions over time and causing
leakage. The liquid silicon gasket was unsuitable as it did not dry adequately when in contact
with the fluid. The neoprene rubber did not react with any of the tested fluids, it created an
airtight seal, and was used for imaging.

Gonioscopic OCT images of the TM were captured using the 3D printed goniolens filled with
35.62% glycerol solution. Results for subjects 1 and 4 can be seen in Fig. 7 and Fig. 8 respectively.
Panel A shows the SLO image of the inferior-temporal angle of the right eye indicating with a
green box the location where the OCT volume was acquired, and the exact location of the b-scan
is shown in panel D with a green arrow. Panel B shows the SLO image from A overlapped with
the segmented enface image obtained from the OCT volume. The blue box indicates the region
that has been enlarged in panel C. The yellow box in D has been enlarged in panel E. Red arrows
point to fine lamellar-like structures observed in both the b-scan (panel E) and enface image
(panel C).

It can be observed that S4 has more hypo-reflective sections within the TM (Fig. 8), suggesting
larger spacing between the lamellar-like hyper-reflective structures or a lower matrix density
surrounding the lamellae. This is observed throughout the entirety of the OCT volume.

4. Discussion

A novel goniolens was designed and optically optimized to improve the optical resolution of
imaging the human trabecular meshwork. The goniolens was first modeled using ray tracing
software, and two different implementations were created and tested. Based on the modeling,
diffraction-limited performance is limited in the standard goniolens designs by two main aspects.
First, the inefficient coupling of light into the body of the goniolens, creating aberrations at
the interface between the singlet focusing lens and the PMMA body. Second, while the index
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difference between the PMMA and cornea is less than in air, this interface is traversed at a high
and field-dependent angle. By refractive index matching the goniolens body to that of the human
cornea and optimizing the focusing lenses to couple light into the goniolens with an air-spaced
doublet, aberrations could be greatly reduced. For a 2.5 mm incident beam, corresponding to that
of the Heidelberg Spectralis, diffraction limited performance is obtained over a field of 1 mm?
at the image plane. Given the geometry of the goniolens and its position relative to the cornea
and the ICA, for larger scan areas, the performance progressively decreases as the location of
the scanning beam nears the corneal edge of the ICA and the iris, whilst along the ICA moving
coronally to the eye and the TM, the performance is maintained. This is due to the higher angle at
which the rays are incident on the goniolens-cornea interface as can be observed in Fig. 3, where
superior (toward the iris) and inferior (towards the cornea) fields, although diffraction-limited,
have a larger spot diagram.

Implementation of the design using both a MgF; crystal body and an index matched fluid body
was successful. The prototype using MgF, provided excellent optical quality, achieving an optical
resolution of 45.25 cy/mm equivalent to 11.05 um per line on the USAF target. This design,
however, suffered from doubling of the image by birefringence due to light traveling through the
material off the optical axis of the crystal after reflecting from the interior goniolens mirror. To
reduce cost (>$5,000 for the MgF; lens), fragility, and avoid the effects of birefringence, the
final design of the lens was fabricated by 3D printing a metal goniolens body shell and filling
it with an optically transmissive fluid (glycerol solution) to achieve a 1.377 refractive index at
870nm [35,36]. The optical resolution matched that of the manufactured MgF, goniolens (40.32
cy/mm and 45.25 cy/mm for the 59° and 63° mirrors, respectively) and achieved a 2-element
improvement on the USAF chart in comparison with the modified PMMA commercial goniolens.
Slightly higher resolution is observed in the horizontal lines of the target in Fig. 5(c) and in
the vertical lines in Fig. 5(b). This is due to the OCT b-scan orientation and the anisotropic
sampling of pixels, with higher sampling along the b-scan. Slight misalignment between the
b-scan will show a larger effect on narrow features (lines oriented transversely to the scan)
versus larger features (line oriented in the same direction as the scan). The highest achievable
contrast at the image plane was measured using the “finder squares” (5 black marker squares for
density measurement on the USAF chart in Fig. 5). Then, the relative contrast of the highest
resolution USAF bars (40.32 cy/mm and 45.25 cy/mm for the 59° and 63° mirrors) is 53.6% and
34.81%. On the other hand, a Modulation Transfer Function (MTF) graph plots the percentage of
transferred contrast versus the frequency (cycles/mm) of the lines [39]. Therefore, the resolution
values achieved with the USAF target have been compared to the Huygens MTF function in
Zemax for 1 mm? field and corrected for 870 nm wavelength. In this case, the contrast values
measured equate a spatial frequency on the Huygens MTF of 49 cy/mm and 64.5 cy/mm spatial
frequency, respectively. Some discrepancy between the theoretical MTF and the real-world
performance of the optical system is expected due to manufacturing tolerances and modeling
limitations.

Hereafter, we describe some limitations of this study and discuss possible improvements to
overcome them. First, the model eye is designed for selective laser trabeculoplasty training, and
the refractive index of the model eye’s cornea differs from both the Zemax modeled cornea
and that of the real eye. This difference is expected to produce a conservative estimate of our
resolution compared to the better index matching in vivo, suggesting that our lens can achieve a
higher resolution than 45.25 cy/mm. In addition, the OCT imaging beam has a bandwidth of
~40 nm, hence slight differences of the refractive index occur across the spectrum.

Second, the modeling of the goniolens does not include the OCT optical system, hence the
actual measurements are impacted by both the OCT noise, requiring higher contrasts, and the
scan sampling. The goniolens mirror flatness has proven to not be a critical feature as similar
resolution is obtained with the MgF, lens using a A/4 quality mirror versus a 4-6\ quality for
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the 3D printed design. However, improvement in the signal-to-noise ratio can be gained by
using silver coated mirrors (~98% reflectance at 8§70 nm) versus aluminum (~87% reflectance)
[40], which was originally chosen as silver mirrors were not commercially available. Higher
scan sampling can be achieving using the OCTA imaging modality on the Heidelberg Spectralis
down to 6 um between b-scans, although slight movements of the eye impede rapid capture and
alignment of the b-scans, limiting the acquisition. Additionally, manual segmentation, which
is lengthy and tedious, is currently required as the automated software is mainly optimized for
retinal OCT images. Custom segmentation software would highly improve post-processing time.

Third, the index matched fluid is a two-component solution (glycerin and water). This mixture
has proven to maintain its properties over several weeks, but the solution may dissociate over
longer periods of time. We proposed a more well-defined alternative using isopropyl alcohol
(ng70nm = 1.3778), as a single substance liquid with excellent transmission (~100%) [34] and
with minimum air bubble issues. The disadvantage for isopropyl alcohol is that while no visible
leaks or deterioration of the contact lens has been observed over time, isopropyl alcohol is toxic
to the human corneal epithelium, and any inadvertent liquid loss would be dangerous to the eye.
As a result, we have not used this. However, given the robustness of the current lens, a more
extensive study of possible leaks can be carried out. Alternatively, fabrication of a more complex
lens with a single continuous surface from the frustrum to the corneal surface may be possible.

Finally, the pupil of the Heidelberg Spectralis OCT device is fixed at 2.5 mm which limits
the Airy disk radius to 9.349 ym. To further improve the optical performance, a custom or
commercial OCT device with a pupil double its size will have a 4.621 pm Airy radius while
maintaining diffraction-limited performance for the current goniolens design. However, the
major limitation is that while we improved resolution by reducing the aberrations arising from
the curved surfaces coupled to the cornea, small changes in the refractive indices at the interfaces
between the goniolens body fluid, the contact lens, the layer of goniogel and the cornea with
incident light at high angles still contribute to the overall aberrations and optical performance of
the system, and these limitations would intrude with larger pupil sizes.

In summary, we have provided a redesigned goniolens which allows high resolution imaging
using a commercial OCT system designed for retinal imaging. Using this combination, we have
been able to demonstrate imaging of the lamellar-like structures known to be present in the TM,
but not observable in living humans using other techniques. The approach to fabrication is robust
and the lens is easily assembled, and clinically suitable, as it uses a commercial contact lens to
couple to the subject’s cornea. This improved approach should enhance future quantification and
measurement of the TM layers in vivo, as well as allow a better understanding of the changes to
the iridocorneal angle that occur with age and changes in IOP. Increasing signal-to-noise ratio
using a custom system can improve contrast between the collagenous corneoscleral beams and
the surrounding glycosaminoglycan matrix, as well as visualizing narrowing or collapsing of the
intertrabecular beam spacing. These are important pathological findings in glaucoma.

5. Conclusions

A commercial Heidelberg Spectralis OCT device has successfully been used to image the human
trabecular meshwork with sufficient resolution to depict fine structural features. The goniolens
has been redesigned to improve its optical resolution by index matching its refractive index to
that of the human cornea. The new design includes two gonioscopic mirrors at 59 and 63 degrees
and corresponding air-spaced doublet focusing lenses optimized for each mirror. The design
has been fabricated by 3D printing a metal goniolens body, with a commercial contact lens at
its posterior surface, and filled with a glycerol solution index matched to the cornea. Enface
gonioscopic OCT images of the human TM are captured with an optical resolution of 45.25
cy/mm equating to 11.05 pm lines. This high-resolution gonioscopic OCT allows imaging of
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fine collagenous structures within the TM that are not resolvable with commercially available
systems using a clinically feasible approach.
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